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PreviewsThis elevated transfer of noise will be
detrimental to circuits that are required
to transmit only salient information
required for cognitive processes, and
could be the basis of the intellectual and
learning disabilities associated with
fragile X syndrome. This is an interesting
proposal but it is important to consider
this in the broader context of other
neuronal changes that might impact the
fragile X brain. Is loss of FMRP regulation
of BK channels likely to be a primary basis
for some of the behavioral phenotypes
associated with the disorder when there
are wholesale changes in protein transla-
tion, significant alterations in spine mor-
phology and a multitude of effects on
synaptic function and plasticity also
present when FMRP is absent? Thesequestions remain to be answered but
a better understanding of the roles of
native FMRP is a critical first step in deter-
mining how the brain is affected in fragile
X, and whether targeting specific sig-
naling pathways can reverse or alleviate
some of the symptoms of the disease.REFERENCES
Antar, L.N., Li, C., Zhang, H., Carroll, R.C., and
Bassell, G.J. (2006). Mol. Cell. Neurosci. 32, 37–48.
Brown, M.R., Kronengold, J., Gazula, V.R., Chen,
Y., Strumbos, J.G., Sigworth, F.J., Navaratnam,
D., and Kaczmarek, L.K. (2010). Nat. Neurosci.
13, 819–821.
Christie, S.B., Akins, M.R., Schwob, J.E., and
Fallon, J.R. (2009). J. Neurosci. 29, 1514–1524.Neuron 77,Darnell, J.C., Van Driesche, S.J., Zhang, C., Hung,
K.Y., Mele, A., Fraser, C.E., Stone, E.F., Chen, C.,
Fak, J.J., Chi, S.W., et al. (2011). Cell 146, 247–261.
Deng, P.Y., Sojka, D., and Klyachko, V.A. (2011). J.
Neurosci. 31, 10971–10982.
Deng, P.Y., Rotman, Z., Blundon, J.A., Cho, Y.,
Cui, J., Cavalli, V., Zakharenko, S.S., and
Klyachko, V.A. (2013). Neuron 77, this issue,
696–711.
Hanson, J.E., and Madison, D.V. (2007). J. Neuro-
sci. 27, 4014–4018.
Wang, T., Bray, S.M., and Warren, S.T. (2012).
Curr. Opin. Genet. Dev. 22, 256–263.
Waung, M.W., and Huber, K.M. (2009). Curr. Opin.
Neurobiol. 19, 319–326.
Zhang, Y., Brown, M.R., Hyland, C., Chen, Y.,
Kronengold, J., Fleming, M.R., Kohn, A.B., Moroz,
L.L., and Kaczmarek, L.K. (2012). J. Neurosci. 32,
15318–15327.Prefrontal NMDA Receptors and Cognition:
Working 2B RememberedStan B. Floresco1,*
1Department of Psychology, University of British Columbia, Vancouver, BC, V6T 1Z4, Canada
*Correspondence: floresco@psych.ubc.ca
http://dx.doi.org/10.1016/j.neuron.2013.01.029
Cortical neurons use glutamate as a primary neurotransmitter, yet the mechanism through which glutamate
receptors regulate higher order cognitive functions is unclear. In this issue of Neuron, Wang et al. (2013)
report a previously uncharacterized role for NMDA NR2B receptors in driving mnemonic-related activity of
prefrontal neurons.The dorsolateral prefrontal cortex (dlPFC)
of primates and humans is arguably the
most evolutionarily advanced region of
the cerebrum, playing a critical role in
the integration of sensory and mnemonic
information that subserves higher order
executive processes. Networks of dlPFC
neurons display a somewhat unique
feature referred to as ‘‘delay-related’’
activity, generating persistent firing that
is thought to serve as a neural representa-
tion of remembered stimuli over a delay
period (in essence, linking information
across time). This activity is driven in
part from recurrent excitation within pyra-
midal cell microcircuits, occurs in the
absence of direct sensory stimuli and,unlike similar activity in other brain
regions, is resistant to distraction (Gold-
man-Rakic, 1995; Miller et al., 1996).
Thus, this region of the frontal lobes is
often referred to as the brain’s ‘‘mental
sketchpad,’’ wherein persistent activity
of dlPFC neural ensembles permits the
user to ‘‘hold in mind’’ and manipulate
multiple representations, which in turn
is believed to form the foundation of
abstract thought and a building block for
more complex functions.
Since their description by Fuster and
Alexander (1971), the mechanisms under-
lying the persistent activity of these delay
cells have been the focus of intense
scientific inquiry, using both empiricaland computational approaches. These
studies have elucidated key roles for
dopamine (Williams and Goldman-Rakic,
1995) and GABA (Rao et al., 2000) trans-
mission in modulating this activity.
However, given that cortical pyramidal
neurons utilize glutamate as a primary
excitatory neurotransmitter, it is some-
what surprising that there has been a rela-
tive paucity of research on the mecha-
nisms through which glutamate may
regulate this activity. Indeed, although
the contribution of glutamate transmis-
sion to classical forms of neural plasticity
has been well established, the manner in
which different glutamate receptors
regulate short-term fluctuations in theFebruary 20, 2013 ª2013 Elsevier Inc. 603
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Previewsactivity of dlPFC networks is compara-
tively unknown.
In the current issue of Neuron, Wang
and colleagues (2013) addressed this
gap in the field with a harmonious combi-
nation of neuroanatomical, computa-
tional, and behavioral neurophysiological
experiments. They focused on the two
main subtypes of the fast-acting, iono-
tropic glutamate receptors: AMPA re-
ceptors, which display fast biophysical
kinetics, and NMDA receptors that
generate comparatively slower changes
in neural excitability. NMDA receptors
can be further subdivided into those
containing NR2A or NR2B subunits (also
known as GluN2A and 2B), and the
kinetics of the latter receptor subtype
are particularly well suited to maintaining
dlPFC network firing in the absence
of sensory stimulation. In other parts
of the brain (e.g., the hippocampus),
NR2B-containing receptors reside pri-
marily at sites outside of glutamate
synapses (Dumas, 2005). However, in an
initial ultrastructural analysis of the cortex
of adult monkeys, the investigators re-
vealed for the first time that these
receptors are situated exclusively within
glutamatergic synaptic sites of layer III
neurons within the dlPFC.
With this knowledge, the authors then
sought to determine how NR2B-contain-
ing receptors influence persistent activity
within networks of dlPFC neurons, using
a two-pronged approach. First, they em-
ployed computational modeling, which
has proven fruitful in understanding how
certain ionic conductances and neu-
rotransmitters can influence behavior
of dlPFC neural networks (Wang, 1999).
This particular simulation modeled
activity of a large population of intercon-
nected pyramidal neurons, a subset of
which (240) were geared to exhibit persis-
tent activity after being triggered by
a simulated stimulus. When parameters
of the model were modified to reduce
conductance through NR2B-containing
receptors in a small proportion of neurons
(10 cells), this had a drastic effect on
delay-related activity; even a modest
30% reduction in conductance through
these receptors causes a near-complete
loss of persistent firing in these cells
(although the activity of the entire
network was only mildly affected by this
manipulation).604 Neuron 77, February 20, 2013 ª2013 ElsThe study then shifted from in silico
to in vivo, wherein the investigators re-
corded neural activity of dlPFC neurons
from monkeys performing an occulomo-
tor delayed-response task, a well-estab-
lished assay for working memory in
primates. Notably, performance on this
task is also impaired in individuals
afflicted with schizophrenia (Keedy et al.,
2006). At the start of the trial, a target
cue is presented briefly in one of multiple
locations within the subject’s visual field
while their gaze fixates a central point.
The cue then disappears and subjects
must hold the information about its loca-
tion over a brief delay period, after which
correct performance requires a response
by shifting gaze to the previously cued
location. As has been shown before,
each of these distinct task phases were
encoded by different groups of dlPFC
neurons. Some neurons increased firing
during cue or response phases, whereas
those of particular interest increased firing
during the delay, when the monkeys had
to hold the representation of the spatial
location of the cue in the absence of ex-
ternal stimuli. Some neurons also showed
multiple correlates (e.g., increased firing
during the delay and response phases).
In addition, delay-related activity of dlPFC
neurons often showed a ‘‘preferred direc-
tion,’’ in that greater increases in firing
occurred when the to-be-remembered
cue was in one location versus another.
To determine how different glutamate
receptors enable encoding of these
distinct patterns of neural activity, the
investigators iontophoretically applied
glutamate receptor antagonists in close
proximity to the neurons they were re-
cording from. This localized application
of the antagonists would affect a small
proportion of neurons in the vicinity of
the recording electrode but not the entire
network, in a manner similar to their com-
putational studies. Application of com-
pounds that blocked NMDA receptors
abolished delay-period firing and reduced
the neurons’ spatial ‘‘tuning index’’ (a
measure of how much information a
neuron encodes about the to-be-remem-
bered location). This was observed using
either a broad-spectrum NMDA antago-
nist (MK-801) or compounds selective
for NR2A or NR2B receptors. Subsequent
experiments focused on the contribution
of NR2B receptors, given that the compu-evier Inc.tational studies suggested that these
receptors may play a particularly impor-
tant role in regulating dlPFC network
activity. Interestingly, application of the
NR2B antagonist Ro-256891 also blunted
cue and response-related firing of sepa-
rate populations of neurons. Importantly,
the effects of NMDA receptor blockade
were significantly greater in trials where
monkeys were presented with stimuli
that were in the preferred direction of
these dlPFC neurons. Furthermore, these
treatments did not alter spontaneous,
task-unrelated firing, indicating that the
effects of NMDA antagonism on task-
related activity were not due to nonspe-
cific reductions in the excitability of dlPFC
cells. Thus, these data revealed for the
first time that activation of NMDA recep-
tors, particularly those containing NR2B
subunits, is critical for driving firing of
dlPFC neurons associated with encoding,
maintenance, and subsequent use of
information within working memory.
The story was considerably different for
AMPA receptors. Like NMDA antagonists,
AMPA receptor blockers diminished cue-
related firing, yet the effects of these
manipulations on delay-related activity
were mixed. Although the majority of the
cells tested displayed reduced delay-
period activity, a small proportion actually
showed the opposite effect. Moreover,
the magnitude of the reduction in delay
period activity induced by AMPA receptor
blockade was not as large as that induced
by NMDA receptor antagonism. To further
explore the dissociable contribution
of these receptor species to working
memory encoding, the investigators
were able to test separately the effects
of both types of antagonists on the same
neurons. As before, reducing NMDA
activity suppressed task-related firing
during the entire delay period. In contrast,
when an AMPA antagonist was applied
after recovery from NMDA blockade,
they observed more modest reductions
in firing that only emerged in the latter
portion of the delay period. A major
conclusion drawn from these findings
is that activation of AMPA receptors
appears to play a more permissive
role in mediating delay-related activity,
potentially by providing background
depolarization needed to maintain firing.
As such, it appears that NMDA, rather
than AMPA receptors, play a more
Neuron
Previewsfundamental role in driving the moment-
by-moment synaptic activity mediating
the persistent firing of delay cell networks.
Local NMDA receptor blockade dis-
rupted task-related activity in the small
groups of recorded neurons, but this
would not be expected to have a major
impact on the activity of the overall
cortical network (as predicted by the
computational model) or interfere with
task performance of the subject. Thus,
in a supplemental experiment, monkeys
were treated systemically with the
NMDA antagonist ketamine, a compound
that disrupts prefrontal functioning and
induces schizophrenic-like states in
healthy individuals. Under these condi-
tions, delay-related activity was again
abolished in the absence of an effect on
spontaneous firing. At the same time,
working memory performance was
impaired, providing a strong inference
that mnemonic-related activity of dlPFC
neurons is directly responsible for guiding
the actions of the animal. Ketamine also
caused an unusual effect not observed
after local NMDA blockade, in that it actu-
ally enhanced firing in ‘‘response’’ cells,
but this occurred during or after the
response was made, the latter activity
potentially representing some form of
feedback signal. Thus, ketamine had
both suppressive and disinhibitory effects
on activity associated with different com-
ponents of working memory. An intriguing
possibility is that the excessive, aberrant
feedback induced by ketamine may be
an underlying cause of the cognitive
disturbances and delusions induced by
these treatments. Although the mecha-
nisms underlying these effects are
unclear, they remain an interesting target
for future research.
One of the most intriguing aspects of
these findings is that they bring into view
the distinct manners in which glutamate
receptors contribute to ‘‘classical’’ neuro-
plasticity and learning when compared to
higher order cognitive functioning. It is
well established that NMDA receptor acti-
vation serves as an initial trigger for
increases in synaptic strengths thought
to underlie many forms of learning, but
that changes in AMPA receptor avail-
ability ultimately drive the increase in
synaptic strengths (Lu¨scher andMalenka,2012). However, based on these new find-
ings within the dlPFC, NMDA receptors
serve as the primary workhorse that
drives mnemonic-related activity that
is the building block of higher order
functions (planning, cognitive flexibility,
abstract thought), with AMPA receptors
playing a secondary, permissive role.
In addition to clarifying the cellular
mechanisms underlying working memory
functions subserved by the dlPFC,
these findings have important implication
for understanding the pathophysiology
underlying a number of mental illnesses.
For example, one consequence of accu-
mulation of b-amyloid proteins in
Alzheimer’s disease is the internalization
of NMDANR2B receptors and a reduction
in NMDA currents (Snyder et al., 2005).
The present findings suggest that early
cognitive decline associated with this
disease may be due in part to a disruption
of NMDA-driven mnemonic activity in the
dlPFC. On the other hand, these findings
offer even greater mechanistic insight
into cognitive dysfunction in schizo-
phrenia. It has been proposed that
reduced glutamatergic transmission
within the frontal lobes may be an under-
lying cause of the deficits associated
with this disorder, in part because treat-
ment with NMDA antagonists like
ketamine can induce similar symptoms
(Krystal et al., 2003; Kantrowitz and Javitt,
2012). However, more recent findings
suggest that these effects may actually
be due to a preferential reduction in the
activity of inhibitory GABAergic interneu-
rons, which in turn may result in a disinhi-
bitory increase in PFC pyramidal cell firing
(Homayoun and Moghaddam, 2007). The
findings that local or systemic reductions
in NMDA activity reduce (rather than
enhance) delay-related activity swing the
pendulum back to the ‘‘hypoglutama-
tergic’’ side of the equation and call for
a further revaluation of these hypotheses.
Thus, reduced NMDA signaling (via
genetic disruption in these receptors
or reduced glutamatergic transmission)
may hamper mnemonic-related activity
within dlPFC networks. At the same
time, it is well established that schizo-
phrenia is associated with a reduction of
dlPFC parvalbumin + GABAergic inter-
neurons (Lewis and Gonza´lez-Burgos,Neuron 77,2008), resulting in a ‘‘noisy cortex’’ and
impaired filtering of irrelevant information.
As such, cognitive dysfunction in schizo-
phrenia may be the net result of a
double whammy of reduced, mnemoni-
cally associated ‘‘signal’’ and increased
background ‘‘noise,’’ yielding a cortical
cacophony that impairs attention for
important stimuli while simultaneously
perturbingmaintenance andmanipulation
of information used to guide behavior. It
follows that treatments augmenting func-
tioning of both NMDA NR2B and GABA
receptors (such as positive allosteric
modulators) may represent a promising
pharmacological target that could amelio-
rate prefrontal dysfunction associated
with this disorder.REFERENCES
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